SUMMARY. One method of plant freeze protection involves the application of compounds that promote freeze avoidance or tolerance. FreezePruf, a commercially available product recently marketed to improve both freeze avoidance and tolerance, contains polyethylene glycol, potassium silicate, glycerol, silicone polyether surfactant, and a bicyclic oxazolidine antidessicant. The goal of the present study was to evaluate the protection level provided by FreezePruf using laboratory-based methods involving plants and plant parts from species capable and incapable of lowtemperature acclimation. FreezePruf did not lower the freezing temperature of pepper (Capsicum annuum) seedlings, celosia (Celosia argentea) seedlings, detached tomato (Solanum lycopersicum) leaves, or postharvest tomato fruit. Spray application of the putative cryoprotectant did not increase the freeze tolerance of bermudagrass (Cynodon dactylon) crowns or stolons. It is possible that a greater level of protection could be achieved with other species or different experimental protocols.
SUMMARY. One method of plant freeze protection involves the application of compounds that promote freeze avoidance or tolerance. FreezePruf, a commercially available product recently marketed to improve both freeze avoidance and tolerance, contains polyethylene glycol, potassium silicate, glycerol, silicone polyether surfactant, and a bicyclic oxazolidine antidessicant. The goal of the present study was to evaluate the protection level provided by FreezePruf using laboratory-based methods involving plants and plant parts from species capable and incapable of lowtemperature acclimation. FreezePruf did not lower the freezing temperature of pepper (Capsicum annuum) seedlings, celosia (Celosia argentea) seedlings, detached tomato (Solanum lycopersicum) leaves, or postharvest tomato fruit. Spray application of the putative cryoprotectant did not increase the freeze tolerance of bermudagrass (Cynodon dactylon) crowns or stolons. It is possible that a greater level of protection could be achieved with other species or different experimental protocols. P lant resistance to freezing stress includes avoidance, evasion, and tolerance strategies (Levitt, 1980) . Many annual plants complete the vegetative phase of the life cycle when freezing temperatures do not normally occur, effectively evading the stress. Other annuals are exposed to temperatures capable of triggering the phase transition of water from liquid to solid, but avoid freezing through supercooling and colligative effects of solutes. Perennial plants that persist in colder climates can acclimate to tolerate extracellular ice formation. Some perennial plants exhibit mixed modes of protection with most cells undergoing equilibrium extracellular freezing, but with groups of cells or organs deep supercooling (Kuwabara et al., 2011) .
Freezing temperature depression in freeze-avoiding plants is accomplished primarily through supercooling, with melting point depression from solutes being secondary. The extent of supercooling varies with plant weight (Ashworth and Davis, 1984) , cooling rate and duration (Yelonosky, 1983) , and properties of ice nucleators. The templates for ice formation can be intrinsic to the plant tissues (Proebsting and Gross, 1988) or from bacterial (Lindow, 1983) or fungal origin (Pouleur et al., 1992) . Ice nucleators function by lining up supercooled water molecules into a structure resembling ice. A close lattice fit and large template size favors nucleation at warmer temperatures. Tissue hydration and presence of surface moisture can also affect freezing temperature (Cary and Mayland, 1970; Gusta et al., 2009 ), but the mechanisms are not completely understood.
In contrast with tender plants that must avoid freezing to survive, many plant species have the capacity to acclimate and tolerate extracellular freezing. Acclimation to freezing temperatures has been studied extensively and significant advances in methodology have led to greater understanding of several low-temperature signal transduction pathways. The best characterized system is the COR regulon, which contains hundreds of genes under the control of CBF (C-repeat) transcription factors (Stockinger, 2009) . COR proteins and products of additional low temperature-induced pathways act directly or indirectly to increase freeze tolerance. It appears that plants must clear a number of mechanistic hurdles to survive progressively lower temperatures, with many of the injury mechanisms focusing on membrane systems (Minami et al., 2009) .
In spite of recent advances in elucidation of acclimation pathways and factors affecting ice nucleation, freeze injury continues to be a significant problem both in private landscapes and production agriculture. Therefore, there is considerable interest in improving plant resistance to low temperatures or modifying microclimates to reduce stress severity. Breeding programs have incrementally improved freeze tolerance through recurrent selection (Shearman, 2006) , and targeted gene transfer approaches have been explored (Jaglo-Ottosen et al., 1998 ). An alternative method of freeze protection involves the application of compounds that promote freeze avoidance or tolerance. Products evaluated on tomato (Davis et al., 1990; Moratiel et al., 2011; Perry et al., 1992) , pepper (Perry et al., 1992) , peach [Prunus persica (Aoun et al., 1993) ], grape [Vitis vinifera (Gardea et al., 1993) Approved for publication by the Director, Oklahoma Agricultural Experiment Station. Mention of a trademark, proprietary product, or vendor does not constitute a guarantee or warranty of the product and does not imply its approval to the exclusion of other products or vendors that also may be suitable.
1 Franko et al. (2011) suggested hypothetical mechanisms of action may include colligative freezing point depression, noncolligative membrane stabilization, stimulation of proline production, cell wall reinforcement, and reduction in water loss from leaves. A report by the developer indicated that up to 5°C (equivalent to one U.S. Department of Agriculture plant hardiness zone) protection was provided to flowers, leaves, and fruit (Franko et al., 2011) . While the level of protection varied with plant material, a 5°C increase in freeze avoidance or tolerance would be biologically and economically significant. The goal of the present study was to evaluate the protection level provided by FreezePruf using laboratorybased methods involving plants and plant parts from species capable and incapable of low-temperature acclimation. Specific objectives were to determine if FreezePruf 1) lowered the freezing temperature of detached tomato leaves in test tubes in a circulating bath, 2) lowered the freezing temperature of pepper and celosia seedlings in a convection chamber, 3) lowered the freezing temperature of postharvest tomato fruit in a convection chamber, and 4) increased the freeze tolerance of bermudagrass crowns and stolons.
Materials and methods
DETACHED TOMATO LEAVES. 'Supersonic' tomato seeds purchased from Harris Seeds (Rochester, NY) were sown in 21 · 15 · 4-inch (length · width · height) flats containing a commercial potting mix (BM-1; Berger Peat Moss, St. Modeste, QC, Canada) amended with 0.7 gÁL -1 triple superphosphate, 3.6 gÁL -1 dolomite, 0.6 gÁL -1
Micromax (Scotts, Marysville, OH), and 0.6 gÁL -1 potassium nitrate (KNO 3 ). Plants were maintained in a controlledenvironment chamber (model LT-105; Percival Scientific, Perry, IA), at (mean ± SD) 27.1 ± 0.2/22.9 ± 0.3°C temperatures (day/night) with a 14-h photoperiod and a photosynthetic photon flux density at canopy height of %400 mmolÁm . Relative humidity was 47% ± 6%. Plants were watered with soluble fertilizer (20N-8.6P-16.6K, Peters, Scotts) at 0.7 gÁL -1 as needed based on media color and flat weight. Seedlings were thinned to 20 plants per flat shortly after emergence. Plants were assayed 3 weeks after sowing seeds. For each experiment, 20 plants were sprayed with deionized water (control) or the commercial formulation (ready to use) of FreezePruf 24 h before low-temperature exposure. Treatments were randomly assigned to flats. The oldest true leaf was detached from each plant with a razor blade and weighed. A thermocouple junction was taped to the petiole before the leaf was placed in a 25 · 150-mm test tube. The terminal 100 cm of 0.005-inch-diameter thermocouple wire was placed into the test tube to minimize conduction. A datalogger (model 21X; Campbell Scientific, Logan, UT) recorded temperatures at 60-s intervals. Twenty test tubes per treatment were covered with plastic caps and placed in a weighted rack. The rack was inserted in a circulating bath (model RM 20; Lauda-Brinkmann, Lauda-Königshofen, Germany) set at -3.5°C and held for 1 h. Bath temperature was then lowered 0.5°C every 15 min until all of the samples froze. The freezing temperature was recorded as the lowest temperature reached before the heat of fusion was evidenced as an exotherm.
PEPPER AND CELOSIA SEEDLINGS. 'Ace' pepper and 'Kewpie Orange' celosia plants were grown the same as tomato plants except individual 2.5-inch square pots were used instead of flats. Pepper seeds were purchased from Stokes Seeds (St. Catherines, ON, Canada) and celosia seeds were purchased from Carolina Seeds (Boone, NC). Supercooling assays were conducted in separate experiments for pepper and celosia. For each experiment, twelve 3-week-old seedlings were randomly selected and sprayed with deionized water (control) and an additional 12 plants were sprayed with FreezePruf 24 h before low-temperature exposure. A thermocouple junction was taped to the largest leaf before seedlings were placed in a tray that insulated the pots to eliminate the possibility of secondary nucleation from frozen water in the potting medium. The chamber (model CEC23; Rheem Scientific, Asheville, NC) was cooled rapidly to 0°C and then cooled at 2°C per hour to -20°C. Freezing temperatures were recorded based on exotherm analysis.
TOMATO FRUIT. Cherry tomatoes (cultivar unknown) were purchased from a local supermarket. For each experiment, 20 randomly selected fruit were sprayed with deionized water (control) and an additional 20 fruit were sprayed with FreezePruf 24 h before low-temperature exposure. Fruit were maintained at ambient laboratory conditions after treatment. A thermocouple junction was taped to the surface of each fruit after weighing. Fruit were placed in a convection chamber on wire racks covered with polyethylene. Chamber temperature was lowered rapidly to 0°C. After 1 h at 0°C, chamber temperature was lowered to -20°C at 1°C per hour. Freezing temperatures were recorded based on exotherm analysis.
BERMUDAGRASS. 'Riviera' bermudagrass seed was obtained from the breeder (C. Taliaferro). About 20 mg of bermudagrass seed was planted in each cone-tainer (Ray Leach Conetainer Nursery, Canby, OR) filled with the same potting medium used for pepper, celosia, and tomato plants. Environmental conditions in the growth chamber were the same as for other plants. After 8 weeks of establishment, leaves and stolons were sprayed with deionized water (control) or FreezePruf. Plants were sprayed a second time 7 d later, 24 h before low-temperature exposure. Freeze tolerance of stolons and crowns were evaluated separately. Leaves were removed from stolons with a razor blade %1 mm from the collar. Three stolon segments with at least two nodes were placed in each test tube containing 3 mL distilled water. Tubes were chilled in an ice-water bath, and then ice chips were dropped into the tubes to nucleate samples upon further cooling. Weighted racks of test tubes were placed in a circulating bath at -2°C. Four tubes each of controls and FreezePruf-treated stolons were removed from the bath after 20 h and placed in an ice-water bath to thaw slowly. Bath temperature was subsequently lowered to -3°C and additional samples were removed after 1 h. The process was repeated for target temperatures from -4 to -7°C with 1°C intervals. A set of eight tubes (four control and four treated with cryoprotectant) exposed to 0°C was treated identically, except tubes were placed directly in an ice-water bath instead of the circulating lowtemperature bath. After thawing, an additional 17 mL distilled water was added to each tube and electrical conductivity of the solution was measured after 16 h on an orbital shaker at 60 rpm. Samples were heat-killed by placing them in a water bath at 65°C for 1 h, and then final conductivity measurements were taken after an additional 6-h incubation at %21°C. Tissue responses (electrolyte leakage) were expressed as: (initial conductivity/ final conductivity) · 100.
After stolons were sampled, all remaining top growth was removed from the cone-tainers and thermocouples attached to wooden stakes were inserted 2 cm into the medium. Sample temperatures were recorded with a datalogger at 5-min intervals initially, then at 1-min intervals during the period samples were removed. Crushed ice was placed on the top of each cone-tainer before being placed into a freeze chamber and cooled rapidly to -2°C. Samples were held at -2°C for 20 h, then the freeze chamber was programmed to cool linearly at 1°C per hour. For each treatment, four randomly selected cone-tainers were removed at each test temperature from -2 to -7°C (1°C intervals). Cone-tainers were held overnight at %4°C after removal from the freeze chamber. Controls were treated identically, except they were not placed into the freeze chamber. Following thawing, plants were placed in a growth chamber at 27/23°C day/night temperatures for a regrowth period of 5 weeks. Regrowth was quantified separately from each cone-tainer by weighing the fresh weight of shoots removed by cutting flush with the top of the cone-tainer.
Separate analyses of variance (ANOVA) were carried out for each series of experiments using the general linear models procedure (SAS version 9.3; SAS Institute, Cary, NC). Experiments were repeated in time (three dates for tomato leaves, tomato fruit, and bermudagrass; five dates for pepper and celosia seedlings) with dates analyzed as blocks with random effects. Weight was a covariate (Anderson, 1988) in experiments with tomato leaves and fruit. Separate ANOVA were carried out for the two bermudagrass assays with electrolyte leakage data arcsine transformed before analysis. An alpha level of 0.05 was used to test for significance.
Results and discussion

DETACHED TOMATO LEAVES.
No difference was observed in mean freezing temperatures of detached tomato leaves sprayed with water (-7.3°C) or FreezePruf (-7.6°C) ( Table 1) . The observed freezing temperatures were similar to previous studies examining small tomato plants and plant parts without detectable levels of extrinsic ice nucleators (Anderson and Ashworth, 1985) . A recent study by Moratiel et al. (2011) examined freezing behavior of tomato seedlings treated with several cryoprotectants. The authors examined the effects of dimethyl sulfoxide, proline, polyvinylpyrrolidone, a mixture of amino acids, and a solution containing glycerol and vitamin E. The only treatment that increased the survival percentage after exposure to -4°C for 1 h was glycerol plus vitamin E. It was interesting to note that protection was not strictly a colligative effect since 0.7 M glycerol was optimum, but higher or lower concentrations had survival percentages that were not different from the control. Although Moratiel et al. (2011) did not examine FreezePruf, glycerol (5 mM) is one of the components (Franko et al., 2011) .
PEPPER AND CELOSIA SEEDLINGS. No difference was observed in mean freezing temperatures of pepper seedlings sprayed with water (-7.2°C) or FreezePruf (-7.3°C) (Table 1) . Similarly, supercooling of celosia seedlings was not enhanced by FreezePruf (Table 1) . Although relatively few experiments focusing on supercooling of ornamental plants have been published, a previous study reported median freezing temperatures of %-6 to -7°C for a variety of bedding plants (Anderson et al., 1981) .
TOMATO FRUIT. Franko et al. (2011) indicated FreezePruf increased the percentage of viable tomato fruit by %50% compared with controls exposed to -3.9°C for 2 to 3.5 h. Based on that report, a preliminary experiment was conducted to determine whether the supercooling duration of tomato fruit held at -3.9°C was increased by FreezePruf. However, only one out of 40 fruit exhibited an exotherm during 24 h at -3.9°C. A subsequent series of experiments determining the freezing temperatures of fruit cooled continuously at -1°C per hour indicated a median freezing temperature of -11.7°C. Application of FreezePruf did not lower the freezing temperature of tomato fruit relative to controls sprayed with water (Table 1) .
BERMUDAGRASS. FreezePruf had no effect on freeze tolerance of bermudagrass. Tissues exhibited little or no tolerance of freezing based on regrowth from crowns and electrolyte leakage from stolons (Table 2) . Although it has been shown previously that 'Riviera' bermudagrass can cold acclimate to -7.7°C (Anderson et al., 2007) , no evidence was observed of stimulated signal transduction pathways leading to acclimation of bermudagrass treated with FreezePruf. Since crowns were not directly treated with FreezePruf, acclimation would have necessitated translocation of the cryoprotectant or a hardiness promoter. Stolons, which were directly treated with FreezePruf, did not exhibit increased freeze tolerance compared with controls sprayed with water. In addition to treatment 24 h before assay (Franko et al., 2011) , bermudagrasses in the present report were also treated 1 week before lowtemperature exposure to allow for translocation and promotion of acclimation. Although no freeze protection Plant samples were analyzed separately with significance probability values (P > F) reported from an analysis of variance. Treatment differences were tested at an alpha level of 0.05.
benefit was observed in bermudagrass not exposed to acclimating temperatures, it is possible that FreezePruf could augment acclimation in conjunction with low temperature-induced tolerance.
Conclusions
FreezePruf did not lower the freezing temperature of detached tomato leaves, pepper seedlings, celosia seedlings, or postharvest tomato fruit and did not increase the freeze tolerance of bermudagrass crowns or stolons. Studies were conducted in a convection chamber and in test tubes immersed in a circulating bath. There may be other experimental protocols that indicate greater freeze resistance following FreezePruf application. Differences in effectiveness of FreezePruf compared with a previous report (Franko et al., 2011) could also be due to differences in plant materials. Although most of the plant materials differed between studies, the reports have the common comparator of tomato fruit. Although the tomato cultivars were unknown (and likely different), a previous report (Anderson, 1988) found no significant differences in supercooling of six tomato cultivars. The diverse choice of plant material in the present study was based primarily on claims that FreezePruf was effective for frost protection of fruits, flowers, and foliage of ornamental, fruit, and vegetable plants (Franko et al., 2011; Liquid Fence Co., 2011) . Table 2 . Percentage electrolyte leakage from 'Riviera' bermudagrass stolons and regrowth weight (fresh weight) from crowns following exposure to temperatures from 0 to -7°C (32.0 to 19.4°F). Stolons were exposed to low temperatures in test tubes in a circulating bath and crowns in cone-tainers (Ray Leach Cone-tainer Nursery, Canby, OR) were exposed in a convection chamber. FreezePruf (Liquid Fence Co., Broadheadsville, PA) contains polyethylene glycol, potassium silicate, glycerol, silicone polyether surfactant, and a bicyclic oxazolidine antidessicant. x NS, *, **, *** = not significant, significant at P £ 0.05, significant at £ 0.01, and significant at P £ 0.001, respectively. Separate analyses of variance were conducted for electrolyte leakage and regrowth data.
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